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Deep sea divine, caisson or tunnel Writ, Anld sert ftlreh

-iava ane corx:n teature--tr* high barornetrie pnesnure of the envirvn-

xmtnt atf the individual. 1Tlh hig4h presmure intmrc~uces teverall potential

hazar~ds (1) to the diver t'hat ane relatoci t) the gases of the bitt

press~ure envtrornment, or to, The prevesure c. anges- encountered wheon enter-

tIng or leaving the high pressure ertviromnricrt. 4Several. o.L the -dangers

of diving produace clinical tatrsinvolving the nervous system ()

These-,Ay-h due to the constltuenct _fl583 nf respiration, contamninants

of the ante gases or press'ure dfifferanoec with,,4nr the bodyr cavities and

'when a divnr sutbmerges bel-cc the surface of the water, the

air hle breathes muist be d(Alivere-d to himn tram a con'Z;resasd souro* to

equalize the pressure of thie surrounding~ water, Thie rvompresed air

eaters the lungs, clro~sses the alveol~i to enter the blood stream and

soon reaches the tissues. The -mnount th~it enters the tissues is deter-

mined by the Soitbility of the ;ýasos ini the blood stream, and the

diff'usion factors of the hlood-tiss'ize ,nte-rface. The absolute quantity

of gas that ente~rs the U .iaigis is; deY ,-rrntned by these factors plus the

differeince betvpen initial lvn pýressure mLd the pren,,ure of the depth

of the dive, and th" duiratior at' the erpo'xure, to the high perjs

The tissues lbocome chaqrgod withi v~an very mii:ch like n soiti bottla isq

charged wi~th cabn'nfd. If the prrrnnu-re dri 'ri'w, thj flan into the

ti ~ ~ ~ ~ ~~, flmen ~5r"ie o > I thr t 'ý '' ~

the pas in t I" s-ý a io t 1-n whwt i t n m is -u lied~ tf to r -.i-!-.k rW. h-ýizbiee

f.rfn i - t hit. t ts e SRI I tqI .I ! e 1) iC IU I' snan rth t-jjbhle~jf 1 'il t !r tii 11.(

tý:iv liitcT0-t tI: llf ' Wiij ar;P ', Al vine Pii xV) Yl t'v e 1 T 41 ! v 4 1 V!-.:-I
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satually tear tissue interfering with their normal function. The

bubbles may also enter the blood stream to obstruct capillaries aad

arterioles of various organs, Two definite types of neurologic syn-

dbrome develop undsr tha3 circumstia . O is due to dooompression

sicknses and the other is due to air ebol m.

NE•O•OGIC MANIFESTATIONS OF DM)OMMESSION SICKNESS

Deoompression sickness occurs when insufficient time is

allowed for tisue gas to enter the blood stream in solution. T

longer and deeper the dive, the longer the required decompression time.

When the pressure is decreased too rapidly, bubbles form within the

tissues and symptom are produoed by the tiss-e diatortion.

The couswnest symptom of decompression sickness is pain.

Those came that have only pain as the manifestation of disease are

often described as having the *bends". This term appears to have ori-

ginated from the posture of tnnet workers who had compression eiokoess-

a bent-over poature with hip wid knee flexion associated with consider-

able pain In the hack and legn. Several otlhar clinical syndrome will

occur and met of them are rPeurolo!io In charact•r. If the "bent"

turmel worker is not adequately treated by recompression he will often

suffer permanent dwL oe to his nervous system. Haymaker has given an

e oellent review ,f the patholo.4o disturbances found in this condition (3).

The diver prosents a somewhat different problem; his rurotogic

syndr~a is different and the resicta of iiadequate treatrent are usually

different from those of tke caisson (tunnel) worker. Divmrs are rM-

etricted in thair exposare to high pressures either by a Uimited gas

supply as with the aqualung, or by the scheduled decompression tlm

I~~E I II I I II
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physiologically required, e. g., by the deep sea diver. Those who do

not have pain usually present one of two neurolowic syndromeAs 1.) acwte

onset; 2) delayed onset.

The following case illustrates the first or acute onset type.

The patient was decompressing from a 100 foot, 15

minute training dive on air in an indoor training chamber.

At the 7 foot level he complained to his tender over the

telephones that his leg- were weak. By the time he rcached

the virface of the water he was unconscious. Treatment by

recoDAr-ssion waL staxr -1 imoediately and at the 50 foot level

the patient regained ccniciousnevis, felt well but weak. At

165 feet, maximum recompression depth, he walked without

difficulty, was disoriented to time and place, but was other-

wise normal. Decompression was started according to the

treatment table schedule, but was complicated by signs of

cerebral edema. This remlired a readjustment of the decom-

pression schedule. The edema progressed and the patient be-

caie hemipletic nnd suffered focal convulsions. At the com-

pletion of the recorqresion treatrent that patient was put

in the hospital where he steadily improved over a period cf

severaL weeks.

The dtve~r had a short dive in relatively shallow water and

would not usually be considered to he a candid.-e for decompressh'4i

sickniss. His car ,,-ay m ctuahly be. nn nxstme of air em.borim which

will be described lator.



-4-

t* chanism of this accident is not known. The dive wa-

too shatkw to produce classical deomtpression sickness after the short

exposure. The victim had been carefully examined before his trainLn,.

and was considered hmalthy. A possible alternative to decompre.sion

sickness s an• exp'anzaon f1o" tlhis case was deseribed by Liabow, et al

(4), who had the opportunity to perforit an autopsy on a case of air

embolism, vide infra. A partial bronchial obstrvction was found that

had gone undetected by history and physical and rcentgenologic exami-

nations. Liabow proposed that air becams trapped lehind the partial

obstruction in a single segment of lung, and that oin ascent the en-

trapped air expanded, ruptured the alveolar tissues and gasaed access

to the blood stremn with resulting air e"-bclism. Evidence for this

type of pul.rnary lesion is unlikely to be found by c•£ni'al or radio-

graphic metkods. Bond (5) proposed that the crucial detection technic

would be exposure to high pressure. It is possible that some if the

severe neurologic syndromes seen aiwng divers result from rt-h entrap-

ment rather than from the classical mechanisms of decompression sick-

ness. Entrapment is of special interest for thosa who plan to use

"hyperbaric oxygen therapy. Patiants of uncertain cardio-pulmonary

hlstory who may have undetected partial bronchial obstructions will be

unsuspected victims of "entrapment". The possibility of air embolism

will be high and plans should exist for the correct treatAnent by recom-

prossion.

The second or delayed onset type of neurolcgic syndrome seen

with docospression sickress is less hazardous and somewhat easier to

treat. The symptoam arpe"ar after surfacing and after a lonfer delay
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than the first type, progress more slowly, and seldom leave residua or

sqiel4e. ?he folwiw4 case in mado to re from the file8

of the U. S. Navy Rxerimsntal Divi--L- Unit.

An experienced diver surfaced without incident from

his second dive of the day. His decompressioa lasted 80 min-

utes, and he had been on the surface three-quarters of an hour

when his legs seemed to be numb. One hour later, he had diffi-

culty climbing stairs and in another 30 minutes discovered

thpt his right leg was vsry weak. He immediately returned

to the diving site for treatment in the recompression cham-

ber. On examiRation, he was rentally clear and without speech

difficulties. ý-iis right arm wa3 less weak than his leg. The

deep tendon reflexes were more active on tU, right than on

the left, and the right plantar response was extensor

(Babinski). No sen5ory deficit ,ias described. He was unable

to urinate. He was recompressed, and at 3 atmospheres pres-

sure had lost all syMptoms ind signs of deficit. The exam-

inaticn at this time wai normal except for slight weakness

of the right quadriceps muscle. It was a3sumed that he had

received adequate relief and was therefore treated in

accordance with Tible I of the U. 5. Navy Treatmnt Tables.

After surfacing, re-examination was coMnletely normal and te

was s•mptom-free. Exa-ination,3 after 24, hours were also

A survey of diving acciaents repcrtos -e are mskink is still

unfinished. Unfortunately. it hi,- provided ¢•ry little tnformati n
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abont specific mechani=3 of production of tte ncurologi-, syndromes.

The constellation of symptom referr•ble to the nervous system is Large.

The patter, of their appearance is varied. Seldom do classical neui'olo-

gic sytyromes appear in dez--mpression sickness as they will in major

ater- o~~oi r in Mair- esbell-r. 01n- rmrr4 in3t ;a,;~ 4tSa~L

impossible to decide if the disorder lies in the spiaial cord, brain

atoem, internal capsule or the cerebral hemisphere. A symptor. complex

suoh as blurred vision with red, scintillating scot.ma, pain in the

elvbow and vertigo is hard to correlate with a single lesion. There

are few neurologic signs or symptoms that hav3 been present in some of

our 500 cases, no characteristic pattern has been :found, and yet few

ctassical clinico-anatomie patterns have been seen.

NROLOGIC M4ANIFESTATIONS OF AIR EMBOLISM

Air embolism amo•ng divers is a very real danger and very

serious accident. It usually occurs when ascent is rapid, which in

itself is often an accident, and is not related U) the cuantitv of gas

in the tisases (6). The accepted mechanism for the production of air

embolim is rupture of the alveolar wall by over-eipainded gas within

the lungs and an increased trannpulmonic pressure (7). The entrapment

mechanism is one possible cause of over-expanded gas. Breath-holding,

coughing, swallowing are others. ,4hen the diver has his langs filled

with compres~d gas and ascends ore rap•idly than this compressed gas,

now rapidly expanding aa the pressure decreases, can escqpe through the

trachea, the alveolar tissues will rupture and gas will enter the blood

stream. Less often, the gas will diea_-ct the peribronchial ti1;sues and
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enter the mrdiasti mut, f"he air embllus elnter3 the arterial stream,

pa3ses thught Utke zhart and usuailly enters the cerebral circulation.

The 5ý 4 ro_..we vIved -•AAnod the lica."'ifo of tUse em ,t and

any charzes that may occur io the embolus &fter it first obstructs a

vessel. The cliniiaL onset is sudden, occasionally while the subJect

is still in the water, ard always dramatic. Treatment is immediate

recompression to 6 atmospheres according to the U. S. Navy TreatAent

Tables (1).

Among divers the commonest signs and symptea of air embolirm

occur almost immedta ely on surfacing, but one-third occur in ascent in

the water. The commonest initial symptom is loss of consciousness, but

a dizzy feeling, pain, paralysis, paresthesias, convulsions, chest pain,

cough, nausea and headache may occur before loss of ronsciousness. Some

patients have visual symptoms such as scotora, constriction of the visual

fields, loss of vision, or changes in color perception suggestinr emboli

in the vertebro-basilar system. One patient reported an hemianopsia.

Regardless of the mode of onset, if the patient is not unconscious

from the beginning, he will us,'ally lose consciousness and frequently

will have a convulsion. Tiemiplegias are ccr.ron, and respiratory distress

is frequently noted.

T!he only large collection of clinical data available to us is

from the submarine escape training progran of the U. S. Navy. Air eimboli

undoubtedly occur among sports-divers, using aqualungs or other breathing

devices, but no reporting s"stem exists to furnish the information.

There is little doubt that the neurologic syndrome is produced

by obstructiono of ptsof fh arterial sup; y to the brain. Thle ',vious
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meed tW reconstitute satisfactory blood flow to the embarrassed brain

tisr requires hacte in initiating tratnent, Portffatedy Prcr,+t

treatnt is highly r'coessful, and not only are deaths 'inc~mOon when

correct treatment is used, but post-treatnent morbidity is rare (6).

The perfect treatrent plan requires recompression within two or three

minutes of the clinical onset. The following patient typically exempli-

ties cases of air embolism.

An experienced submariner was learning to make free

ascent escapes. At the training ank he successfully iede

several free aecents frou shallow depths. During the 40 foot

ascent, no errors !A technic were notea by the instructors in

the water. hie surfaced uneventfully and uw~a about 8 feet to

the side of the tank. Thirty seconds later he was clinging

rigidly to the ladder with the head turned sharply to the

left and a gtssy stare was observed. He was unable to speak

and appeared to be out of contact with his environnent. His

hands were pried from the lalder, he was taken into the recom-

pression chamber, and rapidly recompressed to 6 atmospheres

preasure within 4 mirrdtes of the onset. At 2.8 atmospheres

ho began to inove freely and at 4 atlospheres was considered

s3ypfrhtefs. ihysicel exmsination retmaled no abnorm1ities.

Treatment was executed suc-es-,fully and the patient recovered

copletely,.

Without kinpant wyn&, t ., A-r o Ariand "Xi Fic ent

focal brain damag to produoe an adversin m-vrent, ions of contact,
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and very probabv7 a fall' seeiure. He ev! arnest!.•r Z e iv

episode. This is the )rpical clinical picture seen by the diving in-

structir's (t t--e world: sudden ortet, rapid arx swcesfful therapy,

and no sequelae.

A second example of air embolis is presented to ilLustrate

the clinical variability and to offer scme indirect evidence for the

etiologic mnchanisu.,

A 35-year-old man who had completed eubmarirn

escape training saveral times was underguing refresher train-

ing as required. He left the 50 foot lock at the escape

training tank without difficulty for a free ascent. During

the a-scent, for reasons riot stated in the report, he was

taken into the 18 foot lock and when seen there was sputter-

ing and coughing. He was rational ard without apparent

neurologic deficit. The lock was Irained and he was taken

to the recompression chamber in about 2 mimntes. There, his

pulse and skin oolor were good, but his breathing was ster-

torous. Linpness developed almost immediately in the left

limbs followed by stiffness in the right. Then generalized

flaccidity exzept for trisaus followed and marked nuchal

emphymema was noted. RW tmpres -ion was immediately started.

The patient was at this time unconscious and fiiled to re•s)ond

to stimuli. At 5.2 atmsphebres, he war saeiconscious but

failed to recognize thoe arouand him, and he di(: not respond

to verbal oonPws'in. At 6 atmospheres, he regained conscious-

ness and -Ahortly thervaft-r mxscle tons returned and breathing
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boom. easter. The patient stated he felt cmfortabla. The

left Liibs were described aa numb but ths coeqlaint di*-

appeared after 20 minut•s exposure at 6 atmosap soa . The

treatment was oontonuad and completed without further event,

but for signs or diast•rml oemp'nysea 4  Post-recomression

x-rays of the cha-t revealed streaking in the puLmonio fields

and .iediastinum compatibl* with emphysa and atelectaxis.

This patient experionced severe and rapid neurologic embar-

rassent. Because the neurologic distirrhances weret so aIummedlately asso-

ciated wit.h pulmonic sy•upto and signs, it could be prvdicted that they

resulted from air embolism of pulbonic origin (8). Their bilaterality

suggested either bilateral, carotid or rartebro-basiL'r ewboli. The

very short duration of the clinical disorder was due to Uie LnmediafR

use of correct therapy. There is very ltttle evidence concerning thei

allowable safe delay before therapy, but. if one asaurms th.:t the syMp-

tom were the result of arterial obmtruntLon, then only a few miuint3a

is available before irreversible damage will occur. Tlhrapy now avail-

able and established as effective is recomrresasort in a properly ,,-ied

treatrant unit. No other technique appe.rs to removi the emboli as

effenti-ely as recompression. Animal experiments reported by thtb

french Naval Laboratories at Toulon sugerest that Heparin when qjickly

injected may be earlly useful. The residua of air emboli iecrew,,ed

from about 90% in their unheparinized animals to almost 10% in tre

heparinIsed animals. :'h.t,*r tV-i m-ath(od can " U504 in the hLz1an is

wt yet demonstratei. Understanding of the maehanism of the betiefit
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fromt Hep'-in In P~t best ,!pecul.,tive but a decrease ini bubble rnirface

teneion and a coniseqtwrt fragg~ntatton of t1* bubbles with relief of th.

nbsit~rctjon ray be =u-pectad.

MkNTI ES3TAT IONS OF' IN$RT GM$S NARCOSIS

Behnke, flns~on and M4otley (9) demonstrated that the contu-

sion and narcosis oxperlenced by deep sea divers breathing compressed

air was due to the nitrogen in the air. They were abl,ý to shyW that

heavier iratrt gases (argon) inicrivsed the na-rcosis and tighter gases

(helium) dacreanod it. kocort ng to Lthe flnyer-Overton hypothesis for

the narootic effect of' voltai.. g'%sns. the oil-water sottibility ratios

of the agentia are rotated to thekir efficacy. The z'wasur. ratios, called

the l5itren coefficients, of the iniert gares predtc4t the narcotic effect

in the order obeenvecl. Theste studios have been con? irmod freq~ritly.

The clin-icel mantifestati Ong of iVrtt f:.s nai'coois are proteint

and variab1 .e. Prolonged exposure will. produce in the subject an unnis-

takeabte Altoicai uotct ýf mental iref feotzvenosu, *upboria, inappro-

priate kntwrior, 'lnftharp~y, hail uciroati ots and uLccnsciouvoUss6.

SkisoeptabilLity ite rmrcu.'sjla is Sn.tvlv-dua~l, variable from tirme

Wo time arid from yorson to) p,.ýrjorn and r,';roly noted at pressures of

lussm thaNi L atmospheres- wien breathing Air. flnnett (to) reported that

a ta trr~~neph torapiof&atuncr pl~y predict, sumsoeptabi~lity in certain

cases, trAt thIS has not yet YY-ken ofrnd

Rxponrer to hi;att partht,. prs~msureni of oxygen produce toxric

ofttscts on, vnrloihi t 1551105 of w~e bndy, occuatttnaua m~ I&nifont by physto-

kogtio aLterations alor& ar'd Vs'?ti5Ionally %ccomPqanied by histologtc
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ChNaIM . Paul Bart (1878) described oxyg. convulsions (11). Lorrain

Smi•h d ribed the plwior•ry 4afttp after 0.8 atamspharo oxygen expo-

Wre of several days (12). The trage-d of high oxygn envirronments in

Inoubatore for prAaturv infafts that "caused" retro lntal fibroplasia

is ftiLtAr. Viruses grow better when the partial pressure of oxygen

it inwreaoed (13). D* Almda described testicular dar•Age in experlmental

animals after expomrue to high partial pressures of oxygen (L1). Steri-

lity miy beosto an occuational hatard among surgeons who use hyperbario

oxygen cbAnbers.

The type of hypercaci poisoning seen among div.rs occura when

the partial pressure of o3Wgn exosede two atosepheres absolute and

takes the form of the oxygen convulsion (l1). A diver working at 30

wo 35 feet on pure oxygen may experience a oonvulsion wheseas the sae

man, sitting quietly in a dry chamber, may tolerate exposures to 60 or

70 feet for perlods two to thres times as long. It has also ie"n

obs ryed that more divers have convulsiona in warm than in cold water.

A smalL increase In the partlal pressure of carbon diorlde in the breathing

midium will also shorten the latency and increase the incidenoe of con-

vulsions. Exercise will also inarease susoeptabitity to oxygen convul-

sions. Oxygen is rarely uLod to repta,• compressed air by non-military

diyere because of the iazard of oxygen oonvulsionw. Sports divers should

never use oxygen in their equipment, but in the event of their becoming

afflicted with deoompression sickness may be given oxygen under increasI

pressure iurivg treatment. Unfortunately, emen individuals with experience

using ox.n dI_-ing treataent my still on any particular exposure havs

an oxygen oonvulion (16). Fortunately-, the frsquency of such an event-

uiality is very mall.



The o•use of the conv ulsioam, or the rechaniti of their pro-

duction is not knmm. 3ev~ral theories exist, 'but titLle clarification

has occurr. m i, clinical manifestptiong will sound quite faw ltar

,n _-L-c-n __o jj4yn~'~-''t~te~ Ai* as theyr ame littli differ~-

ent from those observed among patients with epilepsy. Many of the

patients can tell you that they becane hot, felt flushed, had a con-

striotion of their peripheral visu-1 fie).d, developed a sudden head-

ache (Feneralized), noticed twitching in the `tcial wincles, Ospecially

tbout the mouth, or developed a generatized pareathesta--a nwnb feeling,

not a tlnglirg. Sors had vert-Im, while a few experienced nausea,

tinnitus, o.- scintillating seotomn. About 30 per cent of the patl.ats

will lose consciouszzss as the first ,4urologc manifestation of the

oxygen poisoing. Most of the convulsions have been da.scribed as

tonio-clonAo, 7enareallzed, motor seizures, indisti-guiuhable from O-'3-

of grand mal. I nave found one or two that are focal, but this is

ufusual.

If the convulJ ion occurs In the water tVie greatest hazard is

drowning. This 1s une of tVie rany safety reasons for dliving with a

"buddy". I'eatment of tý* oxygen convulsion i0 straight-forward--top

using oxygen; it is not neces-sary to decompres,. Over 95% of the con-

vulsions were aelf-limited In our series, ind ntc pectfic therapy be-

yond rmplacing the ox"en with compressed air was qi.ven.

;evoraX ntudies have been condueted on the effect of drugs

on the tnaidenoe of the oi-gen convulsions, Hoot of the anticonvntsante

have increased tho threshold, and many agento that increase the partial



PrOS5U Of MOaon d1lwdde in tUi. isvi. t t~ d~erease Ume ttmosho1d

OUR tbdcrY of Cyg~n tamicity postulates limpairwn~t of sutflhydral ~ofl-

tai.1j4& *nzym eystoms. &A mmy ocaar afrer rad .iott", ndtertW

Several agents used to prsvmt radiation eloknoiss have beon toste&d and

found to offer scm preteortior. against oxygsn toxicity.

7artanatety,, this nouol~ogic hasard c1f diving oan be avoided

by #he siqpt. expedient of using compreassd air for the breathing medium,

and swing saf, diving prooedures while in the water.

WKOMf SOUMVF.5 CP NW/R=COC RAZARtE

When a diver to not careful of his mourae *,f oouqress*4 air,,

toe sty find it oontaminated with ca&rbo a ~naide. This occurs when

ollubiated oezamrssrs of or'dina~ry design ares used. tDivsrst gas

ouplias may be obtained from ripecial coomieeors, and1 these should have

their oomr..ssd gas ahmakedi by rmutine gas analysis. Carbon ionoxide

oontmduiaod gas supplies who~n bieathed at 4eVth may result in urecifl-

OW'.cuarvecs or death without er'ning. Trostmeut to imiedtaa r 'emoval.

of the ooftw.noted gas souvi. and thus resuscitation asammvs Indicated.

Many .am ~l~es of miar iae Wif produce nservous mye tm toxins

th)ii.1 can bo Ihavarckm to thi diver. The smm snaab is perhaps the ýst

toomt~o, t~xt the sea was, the Fortupiese ma*-of-var aci **. urehirw are

stitlaxly dmr-um. The symqtoincoftena start with intone&~ pain (AMi-

of.'*var, urchins , wa v;aap), tel lood by paral ysis, a nesUtwaa, loss of

speich, resp~iratory fombarrassment, convulsions aid death, Th. treat-

winrt oons is is of rovw ing th toxic qouroe, cl~azIing the wound, occa-.

siioaUly &a~isM'lt'rimg anUhistuedns drugs, rad in sa inautaaces



mntivenoa (sea srnke). 7•veral. f1s3 a." venowus. ThP svipv are

quIte similar, *n in the -r.-atarent. Prevention Is tht best therapy.

Prompt recognitio&n o" t•w. mirine hazard permits the diver tA av oid it.

toves, O*posr-•i tuim suite, and shoes will often prctect the "prts

di -m r.

Divlmg is hazardous. Both the water and the increased pres-

sure presont hazards to the nevous system. Sonm of the neuroblgic

rani-festations of decowpression sIJckness--air embolism, inert gas nar-

c kis, and oxy.en toxicity--have Ieen described. A few of the marine

life a'%zwrd8 have been mentioned Lhat are toxic to the nervus utoa.

Careful diving technic combined with kmowledge of the perential

Sources -f danger should prmit sc diving without "Oarrasusrmt to

the nerv,,As ayeWu. Cwrelessneiis !& diving is fra;aght with Janger.
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